INTRODUCTION
Tick-borne encephalitis (TBE) usually presents as a moderate febrile illness that is followed by encephalitis in~40% of patients. TBE was first reported in Austria and Russia in the 1930s. 1 TBE is caused by TBE virus (TBEV), a single-stranded, positive-sense RNA virus of the genus Flavivirus, and is prevalent in the Eurasian continent, including Central Europe, Russia, Kazakhstan, Kyrgyzstan, Mongolia and Far-Eastern Asia, China, Korea and Japan. [1] [2] [3] TBEV has been divided into three subtypes based on phylogenetic analysis: the Far-Eastern subtype, formerly Russian spring-summer encephalitis virus; the Western or European subtype, formerly the Central European encephalitis virus; and the Siberian subtype (known as West Siberian virus). 1, 3 The primary vector of the Western subtype is Ixodes ricinus, while I. persulcatus is the primary vector of the FarEastern and Siberian subtypes. 3 In nature, TBEV is maintained between ticks and wild vertebrate hosts; small mammals, such as rodents and hedgehogs, are its main reservoirs. 3 Larger animals, such as deer, horses or livestock, and birds, are not considered to play an important role in the natural transmission of TBEV between ticks. 3 However, since TBEV has been detected in ticks carried by migrating birds, 4 it has been suggested that migrating birds contribute to the geographic spread of TBEV-infected ticks. Humans are not involved in the natural transmission of TBEV and are only accidental hosts.
In East Asia, TBE patients were first reported in China in 1943, and TBEV was isolated one year later from brain samples of patients, as well as from I. persulcatus. 5, 6 In the summer of 1952, a TBE outbreak was recorded among forest workers in northeast China with a mortality rate of over 20%. TBEV was isolated from the brain tissues of the deceased patients. Further epidemiological surveys in the endemic forest areas found TBEV-infected rodents, and TBEV was isolated from local tick species, including I. persulcatus, Haemaphysalis concinna, Dermacentor silvarum and H. japonica. 6 Since then, TBE has been recognized in China, and endemic areas have been identified in the northeast, northwest and southwest of China. Meanwhile, vaccines against TBEV have been developed and used in China since the early 1950s-soon after the virus was first identified, and different vaccine types have been employed in different periods.
In Japan, patients infected with a virus within the TBE serocomplex had encephalitis during an epidemic of Japanese encephalitis (JE) in 1948 in the Tokyo area. The virus that was isolated was named Negishi virus, which was retrospectively identified as a member of the louping ill virus through antigenic and phylogenetic analysis conducted decades later. 7, 8 No TBE case had been reported in Japan since then until 1993, when a case of viral encephalitis in Hokuto City in southern Hokkaido was diagnosed as TBE. 9 Subsequently, TBEV was isolated from dogs and I. ovatus in the area where the patient lived, and the virus strains were identified as the Far-Eastern subtype. 10, 11 It was only in July 2016 when the second case 12 and in 2017 the third and the fourth cases of TBE were confirmed in Hokkaido. No other TBE cases have been reported in Japan since 1993, although endemic foci of TBEV were detected, particularly in southern Hokkaido.
Anecdotal information and locally published literature suggest that TBEV and TBE may be more widespread than understood and, in particular, that the virus may exist in more southern locations in Asia. 13 Over the last decade, TBEV has been isolated in the Republic of Korea (ROK) from ticks, including H. longicornis, H. flava and I. nipponensis. [14] [15] [16] [17] [18] In addition, TBEV has been isolated from Apodemu agrarius and wild boars. 14 Contrary to those from neighboring countries, that is, Japan, China and northeastern Russia, in which only the Far-Eastern subtype TBEV was isolated, 2, 10, 19, 20 the TBEV isolates from ROK were identified, as the Western subtype by DNA sequence and phylogenetic analyses. [15] [16] [17] No human TBE cases have been reported to date in ROK.
To fully understand the potential burden of TBE infection in East Asian countries, including China, Japan and ROK ( Figure 1A ), and to guide further epidemiological research, as well as the development of an effective control strategy for TBE in this region, the literature was reviewed to obtain systematic information regarding TBEV and TBE in these three countries. This information included TBEV isolation and characterization, TBE clinical presentation and treatment, epizootiological survey and sero-surveillance programs and vaccine development and application.
TBE IN JAPAN First confirmed case of TBEV infection in Japan
In Japan, the Japanese encephalitis virus (JEV), a mosquito-borne flavivirus, has been widely endemic, and new JE patients have been reported annually. A virus was isolated from a patient with encephalitis during the JE endemic in 1948 in the Tokyo area and named Negishi virus; this virus was first identified as a member of the Russian spring-summer encephalitis virus family 7 and was later found to be more closely related to the louping ill virus than to other tick-borne viruses through antigenic and phylogenetic analysis. 8 However, no TBE cases had been reported until 1993, and it was believed that in Japan there was no endemic focus of tick-borne flaviviruses in the absence of further epidemiological studies.
In 1993, a case of viral encephalitis in Hokuto City, in the southern part of Hokkaido, was eventually diagnosed as TBE. The patient had a fever, headache and neurological symptoms, such as seizures. A hemagglutination inhibition (HI) test against JEV showed significantly increased HI antibodies. However, 2-mercaptoethanol-sensitive HI antibodies were not detected, and it was unlikely that JEV infection occurred in Hokkaido, where JEV was not endemic. Furthermore, blood feeding by vector mosquitoes was unlikely because they were not active at the end of autumn in that area. Further serological analysis was conducted to examine antibodies against other flaviviruses. In enzyme-linked immunosorbent assay (ELISA) testing for IgM antibodies and neutralization tests, the antibody titer against JEV was very low, while high titers of antibodies against TBEV were detected. These results indicated that the patient was infected with TBEV. 9 Isolation of TBEV in Hokkaido Because the aforementioned patient was a dairy farmer and had no history of overseas travel, it was reasoned that she was infected with TBEV through a tick bite in her area of residence in Hokkaido. In 1994, a serological survey was conducted on cattle and dogs in areas surrounding the patient's farm. No antibodies against TBEV were detected in the serum samples from cows, suggesting that the infection route was not via raw milk from TBEV-infected cows. Eight of the nine dogs from the surrounding farms showed high titers of neutralizing antibodies (4640) against TBEV. In 1995, five of ten sentinel dogs kept locally in a free-living environment had seroconverted between April and May, and TBEV was isolated from the blood of three seroconverted dogs. The isolated viruses were recognized by antibodies specific to the TBE-serocomplex viruses. Sequence and phylogenetic analysis revealed that the viruses were of the Far-Eastern subtype of TBEV. 10, 21 Later, TBEV was also isolated from ticks and rodents in Oshima, located in southern Hokkaido. 22 
Vectors of TBEV in Hokkaido
Hokkaido is the northernmost island of Japan; it is close to the FarEastern part of Russia, where the Far-Eastern subtype of TBEV is endemic. Biogeographical and ecological conditions are similar in both areas, including vector ticks and the TBEV host reservoir. In the northern part of Hokkaido, I. persulcatus is predominant and is the main tick vector of the Far-Eastern subtype of TBEV, whereas I. ovatus is predominant in the southern part of Hokkaido (Table 1) . 29 To determine the principal tick vector of TBEV in the residence area of the patient, a survey of TBEV in ticks was conducted. I. ovatus was found to be the most common tick species. TBEV was isolated from I. ovatus, and the minimum field infection rate was calculated as 0.33%. 11 These results indicated that I. ovatus was the most likely vector species of TBEV in this area. However, it has also been reported that other predominant ticks might serve as vectors. 30 Epizootiological survey of TBEV in Japan A wide range of animal species are infected with TBEV through bites from TBEV-infected ticks. To determine the prevalence of TBEV in Japan, serological surveys of mammals were conducted. In Hokuto City, where the first TBE patient was detected, anti-TBEV antibodies were also detected in A. speciosus, A. argenteus, Myodes rufocanus and Rattus norvegicus in 1995, 1996 and 2008, indicating that the endemic foci of TBEV has been maintained over a long period. 31, 32 Furthermore, anti-TBEV antibodies were detected in small mammals, horses and dogs in various parts of central to southern Hokkaido, where I. ovatus ticks are predominant ( Figure 1B ), indicating that TBE foci are distributed over a wide area of Hokkaido.
Wild vertebrates that are potential hosts for TBEV and I. ovatus ticks are widely distributed in various regions of Japan. Large-scale epizootiological surveys were conducted in wild animals from various areas, including the three major islands Hokkaido, Honshu and Shikoku, to determine the endemic areas of TBEV. Rodents seropositive for anti-TBEV antibodies were detected in Shimane Prefecture in the western part of Honshu Island. 32 Other wild animals with antibodies against TBE-serocomplex viruses have also been detected in the western parts of Honshu Island ( Figure 1B) .
The analysis of the viral envelope protein genes using average substitution rate and synonymous distances suggested that TBEV strains in Japan diverged from ancestor strains in Far-Eastern Russiã 260-430 years ago. 22 Nevertheless, it is not clear how TBEV was introduced into Japan. One possibility is that migratory birds might have transported TBEV-infected ticks from Far-Eastern Russia to Japan, since it has been reported that TBEV-infected ticks were detected on migratory birds 4 and that Ixodes ticks were detected on several migratory bird species along the migratory route in Japan. 33 A second possibility is that a small reservoir of mammals infected with TBEV might have migrated from the Eurasian continent to Japan. Considering that the Japanese islands were once connected to the Asian continent and were separated at least 10 000 years ago, the reservoir animals might have been transported through human transportation vehicles. 
Virulence of TBEV isolated in Japan
The Japanese TBEV isolates, the Oshima strains, showed a nucleotide difference of~4%-6% from strains isolated in Far-Eastern Russia. 21, 22, 34 Compared with a prototype strain of the Far-Eastern subtype, Sofjin-HO, the Oshima strain (Oshima 5-10) replicated more slowly and was less virulent in conventional laboratory mice. 35 Most inbred laboratory mice do not possess a functional 2'-5'-oligoadenylate synthetase 1b (Oas1b) gene, which was previously identified as a flavivirus resistance gene. In a congenic strain carrying a functional Oas1b gene, the intracerebral infection of the Oshima strain (Oshima 5-10) resulted in limited signs of illness, while infection of Sofjin-HO resulted in death with severe neurologic signs. These findings indicated that the Oshima strain was more susceptible to the antiviral activity of Oas1b against neurovirulence. 36 Analysis of the virulence factors of TBEV using reverse genetics systems revealed that amino acid differences in non-structural proteins, but not in viral envelope proteins, were involved in the attenuation of the Oshima strain (Oshima 5-10). 37 Furthermore, a deletion in the variable region of the 3' untranslated region increased the virulence of the Oshima strain. 37 Most of the TBEV strains isolated from ticks and wild rodents contained no deletions in the variable region, but deletions in the variable region were found in strains passaged in mammalian cell culture 38 and in strains isolated from human patients. 39 This suggested that the deletions are caused by viral adaptation to mammalian cells and are related to virulence in severe cases in humans. Therefore, the possibility cannot be dismissed that the Japanese TBEV might obtain increased virulence in humans by adaptation during infection in humans.
Problems controlling TBEV infection in Japan
In the Prevention of Infectious Diseases and Medical Care for Infectious Patients Act that became legislation in Japan in 1999, TBE was classified as a reportable infectious disease and TBEV was classified as a Class 3 select agent handled under bio-safety level (BSL) 3 conditions. Nevertheless, only three TBE cases (one in 2016, two in 2017) have been reported since the first confirmed TBE cases in 1993, although endemic foci of TBEV have been detected in various parts of Japan, particularly in the southern parts of Hokkaido.
This low occurrence of TBE in Japan might be attributed in principle to the following three factors: (1) The possibility of receiving a tick bite has been reduced by the progress of urbanization, and noone has actually been infected with TBEV, although it is arguable that endemic foci of TBEV have been located in areas that people, particularly farmers and forest workers, access easily, even on a daily basis. There is an urgent need to conduct serological surveys among residents in TBEV-endemic areas in Japan to establish adequate preventive measures. (2) Japanese TBEV may be of low virulence against humans, and TBEV infection might be asymptomatic or cause only febrile illness without encephalitis symptoms. This speculation has been supported by the fact that the Japanese TBEV isolates in Hokkaido demonstrated lower virulence in mice, as previously described, than other TBEV strains of the Far-Eastern subtype. (3) TBE patients might not be recognized and diagnosed correctly. One major reason for this is the low awareness of TBE in Japan, even among medical doctors (Dr Yoshii, personal communication). Other reasons include the difficulty in conducting laboratory examinations for the diagnosis of TBEV infection, as certain examinations are only available in limited facilities because of the low awareness of the disease and the restrictions in handling TBEV as a BSL 3 agent. However, in recent studies, diagnostic methods that can be conducted in BSL 2 facilities have been developed in Japan using subviral particles as diagnostic antigens. 40, 41 Considering that BSL 2 facilities are more common than BSL 3 facilities, these methods will increase the number of laboratories that can perform examinations of TBEV and will therefore help to improve awareness of TBE.
To control TBEV infection, it is important to identify TBEVendemic areas and to design an effective prevention plan, including vaccination. Formalin-inactivated vaccines based on the European subtype have been used in European countries and have been shown to induce highly protective immunity. In a mouse model, one of these vaccines was shown to prevent infection with the Japanese TBEV 14 In addition, the envelope E gene of TBEV from ticks (H. longicornis: n = 548; I. nipponensis: n = 87) and mammalian hosts (A. agrarius: n = 24; wild boars: n = 16) was amplified using reverse transcriptase-nested polymerase chain reaction (RT-nested PCR). H. longicornis was collected from Dongducheon, Geyonggi-do and Jeongseon, Gangwon-do; I. nipponensis from Jeongseon, Gangwon-do; and A. agrarius from Hapcheon, Gyeongsangnam-do and Gurye, Jeollabuk-do. 14 Unexpectedly, phylogenetic analysis revealed that the TBEV isolates belonged to the Western subtype of TBEV, while in the neighboring countries, including Japan, China and northeastern Russia, only the FarEastern subtype was isolated. 14 
Geographical distribution of TBEV and vector ticks in ROK
Ticks have been shown to transmit various zoonotic pathogens in ROK, such as Anaplasma spp., 43, 44 Bartonella spp., 44 Borrelia spp., 44 Ehrlichia spp., 43 Rickettsia spp., 43 severe fever with thrombocytopenia syndrome virus (SFTSV), 18 and TBEV. [14] [15] [16] [17] In the wild in ROK, Haemaphysalis spp. were found to be the predominant species using dragging techniques, while I. nipponensis became predominant when harvested from small mammals. 16, 45 To date, four surveillance studies have been conducted to evaluate the prevalence of TBEV in ticks in ROK. The first study was conducted in 2005-2006 in 12 regions of five provinces of ROK ( Figure 1C ). 15 A total of 2460 ticks were collected from grassland and forest by dragging and flagging (n = 1878) or were removed from wild and domestic animals (n = 582). RT-nested PCR targeting the E protein gene of TBEV showed a positive result in 10 adult ticks (0.4%, 10/2104) and 2 nymph ticks (0.2%, 2/356) collected from four regions in two provinces (Table 1) . Phylogenetic analysis of sequences obtained clustered the E gene of these TBEV within the Western subtype with 98% identity. 15 Later, this research team, whose work was previously described, also obtained the first TBEV strains in ROK that could cause encephalitis in mice. 14 The second investigation was conducted in 2007 to evaluate the potential occurrence of TBEV infection in the southern provinces of ROK, including Jeju Special Self-Governing Province (Jeju Island), Jeollanam-do, Gyeongsangbuk-do and Gyeongsangnam-do ( Figure 1C ). 16 Ticks were collected using dragging techniques at 113 sites representing different habitats, including forest left-litter, herbaceous vegetation, and grasses. Among the 6788 ticks collected, 4077 were pooled (649 pools) by collection site, species and developmental stage and subjected to RT-nested PCR to detect the E gene of TBEV. Positive results were obtained in six pools of nymphs of H. longicornis and H. flava collected from Jeju Island (Table 1) . For the two most common tick species, H. longicornis (73.4%, 4984/6788) and H. flava (22.4%, 1523/6788), the minimum field detection rates (assuming at least one TBEV infected tick per pool) were 0.17% and 0.14%, respectively. For the other tick species harvested, H. phasiana, Amblyomma testudinarium, I. nipponensis and I. turdus, regardless of developmental stage or collection site, no TBEV E gene was detected. Similarly to the previous study, phylogenetic analysis based on the NS5 and E genes identified the Jeju strains as the Western subtype of TBEV. 16 A larger-scale surveillance study was then conducted during 2011-2012 in 25 localities of 10 provinces of ROK ( Figure 1C ). For this study, ticks were collected from various vegetative habitats, including grass thicket, grassland and broad-leaved and coniferous forests, using flagging and dragging or BG-Sentinel Trap. 17 There were 13 053 ticks collected with H. longicornis (90.8%, 11 856/13 053) as the most abundant species; the rest included H. flava (8.8%, 1149/13 053), I. niponensis (0.3%, 42/13 053), and I. persulcatus (0.05%, 6/13 053). On the basis of collection site, species and developmental stage, the ticks were grouped into 1292 pools, and the presence of the E gene of TBEV was examined using RT-nested PCR. Ten pools (7 H. longicornis, 2 H. flava and 1 I. niponensis) produced positive PCR products (Table 1, Figure 1C ). Assuming that a positive pool contains a minimum of one TBEV-infected tick, the minimum infection rates for H. longicornis, H. flava, and I. nipponensis were 0.06%, 0.17% and 2.38%, respectively. Unsurprisingly, compared with known TBEV strains in phylogenetic analysis, the sequences obtained from TBEVpositive products were identified as the Western subtype. 17 More recently, a fourth surveillance study on ticks was carried out in 2014 with the aim of understanding the prevalence of TBEV and other tick-transmitted viruses, including Powassan virus (POWV), Omsk hemorrhagic fever virus (OHFV), Langat virus (LGTV) and severe fever with thrombocytopenia virus (SFTSV). 18 There were 21 158 ticks collected from vegetation by dragging at 139 sites in 6 provinces (Gyeonggi-do, Gangwon-do, Chungcheongnam-do, Gyeongsangbuk-do, Gyeongsangnam-do and Jeju Island) and 4 metropolitan areas (Seoul, Daegu, Ulsan and Busan) between March and October 2014. H. longicornis (83.04%, 17 570/21 158) was the dominant tick species, while other tick species, H. flava (15.68%, 3317), I. nipponensis (1.18%, 249), Am. testudinarium (0.05%, 11) and H. phasiana (0.04%, 8), were much less common. Although SFTSV RNA was detected in H. longicornis, H. flava and I. nipponensis, the viral RNA for POWV, OHFV, and LGTV was not detected. In addition, TBEV was detected by RT-nested PCR in I. nipponensis, H. flava and H. longicornis collected from grass and pine forest habitats or grass habitats in 4 regions (Table 1, Figure 1C ). As in the previous studies, phylogenetic analysis confirmed that the TBEV strains identified in this study belonged to the Western subtype. 18 Current understanding of TBEV prevalence in ROK Over the last several years, although no human TBE case has yet been reported in ROK, epidemiological and virological characteristics of TBEV have been investigated. Ixodid ticks have been identified as the main vectors for TBEV; [14] [15] [16] [17] [18] TBEV strains that could cause encephalitis in suckling mice have been isolated from wild rodents; 14 and based on the E gene, all of the TBEV strains reported were clustered with the Western subtype using phylogenetic analysis. [14] [15] [16] [17] [18] On the basis of the molecular evidence, it is understood that TBEV strains endemic to ROK are different from those identified in neighboring countries such as China, Japan, and northeastern Russia, since those strains all belong to the Far-Eastern subtype. 19, 20, 22 Geographically, certain regions in ROK have been identified as potential endemic areas for TBEV infection, including Dongducheon, Jeongseon, Hapcheon, Gurye, Gyeonggi-do, Gangwon-do, Jeollabuk-do and Jeju Island ( Figure 1C ). [14] [15] [16] [17] [18] Overall, although there has been no confirmed human case of TBEV infection in ROK, TBEV can be endemic to various localities, and H. longicornis, H. flava and I. nipponensis may be potential vectors of the Western subtype of TBEV found in these areas.
TBEV prevention in ROK-Limitations and challenges
The main limitation of TBEV surveillance in ROK is the low awareness of the disease, with limited diagnostic practice in clinical settings. The incubation period of TBE ranges from 4 to 28 days, with an average of 7-10 days. The disease is typically biphasic in most patients infected with the Western subtype of TBEV (all the TBEV isolates from ROK belong to this subtype). The first stage usually presents muscle pain, fatigue, headache and a fever lasting 2-7 days, which peaks at a temperature of 37.5-39.0°C. There are no signs or symptoms of meningoencephalitis during this phase. 45 To diagnose TBEV infection, either immunofluorescence antibody assay (IFA) or ELISA is required for anti-TBEV antibody screening, followed by a TBEV-specific plaque reduction neutralization test (PRNT) to confirm the positive results with the detection of neutralization antibody. Not all clinicians in ROK are aware of the symptoms of TBE, and the specific laboratory tests required are not widely available.
Korean Centers for Disease Control and Prevention has been screening most encephalitis cases with unknown causes for certain rare diseases, including West Nile virus infection, Dengue fever, chikungunya and yellow fever; since 2006, TBE has also been evaluated. The Neurovirus Laboratory in the National Institute of Health of ROK conducts such TBEV screening on clinical samples (for example, blood and cerebrospinal fluid) sent by hospitals using IFA or ELISA followed by PRNT or PCR for confirmation. As of 2016, no TBE cases had been detected. However, because of the short duration of TBE viremia in the infected host, it is not easy to confirm infection using blood and CSF samples collected at later clinical stages. In addition, false-negative TBE results are possible among unidentified clinical cases.
Within several years, evidence of tick species being potential carriers of TBEV has emerged throughout ROK, and the molecular characteristics of prevalent TBEV have been defined. These results indicate that the potential burden of TBEV in ROK is continually increasing. However, it is most likely that the endemic regions of TBEV are being under estimated because of the relatively low awareness of the disease and the difficulties associated with the diagnostic process. A similar situation has been observed for another tick-borne disease, severe fever with thrombocytopenia syndrome (SFTS), which is an emerging infectious disease caused by SFTSV that has been detected in northeast and central China. 46 Since the first publication on SFTS and SFTSV in 2011, 46 which provided a detailed description of the clinical symptoms of SFTS and the isolation and molecular characterization of the causal virus, the awareness of this disease has increased. As a result, increasing numbers of SFTS cases have been reported, and SFTSV has been isolated in various localities in Japan and ROK. 18, 47 This experience with SFTS demonstrates that the severity of an endemic infectious disease can only be revealed when full awareness of the disease is achieved.
Therefore, to fully understand the threat posed by TBE and TBEV to public health, as well as to domestic animals and wildlife, further research on the disease, the causal virus, and the vector is needed. Investigations should emphasize generating a clear epidemiologic profile of TBE in a given country, characterizing TBEV isolated from infected ticks and evaluating its pathogenesis in hosts, and obtaining serologic evidence of TBE prevalence in high-risk populations, such as farmers in the endemic area or encephalitis patients negative for JEV. Findings from such studies will help to reduce the number of falsenegative cases in clinical settings and to increase the probability of making a correct diagnosis in asymptomatic TBEV-infected cases from potential endemic regions.
TBE IN CHINA TBE epidemiology in China TBE, also known as Forest Encephalitis in China, is endemic to northeast China and is also present in northwest and southwest China ( Figure 1D) . In northeast China, confirmed TBE patients (that is, with TBEV isolated from tissues obtained from the patients) have been reported from two provinces, Heilongjiang and Jilin, where TBEV has also been isolated from M. rufocanus, A. sylvaticus and Eutamias sibiricus. 5, 6 A third TBE endemic region identified is the Inner Mongolia Autonomous Region. 23 In the northwest, TBE patients have been confirmed in the Xinjiang Uygur Autonomous Region. 24, 25 In addition, TBE cases have been reported in Yunnan Province. 26 Overall, the forest areas in the northeast are considered the most important TBE-endemic areas in China because TBEV has been frequently isolated in these areas. 6 Natural foci of TBE have been found in the northeast (Changbaishan, Daxing'anling and Xiaoxing'anling), the northwest (Tianshan and Altay Mountains) and the southwest (forest areas of the Hengduan Mountain Range and Gaoligongshan). 23, 26 In the northern foci, I. persulcatus is the dominant tick species and the main vector of TBE, although other tick species, including H. concinna, H. japonica and D. silvarum, have also been identified as vectors for TBE. 5, 6 However, in the southwest natural foci in Yunnan Province, I. persulcatus has not been found, but I. ovatus has been identified as the dominant vector for TBE. 26 Among vector ticks collected from different endemic regions, TBEV infection rates vary substantially. For instance, one study from Xinjiang (northwest China) reported that 14.3%-47.7% of the I. persulcatus examined carried TBEV, 24 while another study from Heilongjiang (northeast China) found that 4.45% of the I. persulcatus were TBEV-positive. 27 Moreover, even within the same endemic region, free-living ticks collected from two similar habitats in a conifer broad leaf forest area 2 km apart showed a significant difference in TBEV infection rate (4/21 and 0/20). 5 A trend in which the endemic foci of TBE spread from forestry areas toward agricultural areas has been observed. 48 Alarmingly, following climate warming, urbanization, strategy changes in land use, and increased human outdoor activities, the geographical distribution of I. persulcatus has been found to have spread to more provinces and municipalities in China, including the Ningxia Hui Autonomous Region, Hebei, Tianjin, Beijing and Henan. 49 Until very recently, phylogenetic analyses based on the E gene of TBEV demonstrated that all TBEV strains isolated in China belonged to the Far-Eastern subtype. 20, 28 In 2016, the Siberian subtype of TBEV was first detected in China using Illumina deep sequencing-based screening from samples of I. persulcatus collected in the Xiaerxili Natural Reserve, a TBE natural focus in the Xinjiang Uygur Autonomous Region (northwest China). 50 Viral RNA was amplified using RT-PCR, and phylogenetic analysis confirmed that the similarities between the TBEV isolate and the Siberian, the Far-Eastern and the Western subtype were 95.5%, 87.8% and 87.4%, respectively. 50 Considering that global climate change may cause TBE foci to spread from higher latitudes towards lower latitudes, there is a risk of importing the Siberian subtype of TBEV in the north (Inner Mongolia) and the northwest (Xinjiang) of China. However, because the Far-Eastern subtype of TBEV has been previously isolated in Xinjiang, 28 this latest identification of the Siberian subtype of TBEV indicates that co-circulation of the two subtypes may have already TBE in Japan, ROK and China K Yoshii et al started in China. Co-circulation of all three TBEV subtypes has been observed in Latvia. 51 TBE is a notifiable disease in Heilongjiang Province, where records show an incidence rate of 3.17 per 100 000 in 1952 and 0.01-1.04 per 100 000 from 1953 to 1998; in more recent years (from 1980 to 1998), the average incidence was 0.33 per 100 000. 52 In the Daxing'anling endemic foci in the Inner Mongolia Autonomous Region, the incidence of TBE was 88.6 per 100 000 from 1990 to 1998. 53 TBE cases mainly occurred in spring and summer, 2-4 weeks after the vector ticks become active, 23, 53 although TBE cases have been reported in winter. 52 On the basis of limited data, a secular trend in TBE prevalence was speculated, as it appeared that a peak in TBE incidence occurred every 7-8 years between 1952 and 1998. 52 In China, TBE has been considered an occupational disease, as most patients (~70%) have been forest workers. 52 However, since the 1980s, particularly in the late 1990s, the occupations of TBE patients changed considerably; 70%-95% of the patients were non-forest-working farmers, housewives, domestic workers, students or anyone with any occupation who entered the endemic forest areas. 13, 52 Patients with TBE may have entered tick habitats because of a continual increase in leisure activities (such as walking and rambling, trekking).
Serological surveys have been carried out in TBE-endemic areas in China, providing evidence of the existence of asymptomatic TBEV infections. In general, anti-TBEV antibodies were detectable in 0.99% to 19.7% of healthy adults. 27 For those who had a history of tick bites but did not show any symptoms of TBE, the rate of IgG-positivity varied from 1.1% in the Daxing'anling area in Inner Mongolia 54 to 35.4% (23/65) among the nomads and staff of the nature reserve in the Xiaerxili Natural Reserve in Xinjiang. 25 Among patients with fever in the Gaoligongshan region in Yunnan, 30.55% had anti-TBEV antibodies. 26 In addition to humans, anti-TBEV antibodies have also been detected among domestic animals and livestock, as well as wild mammals. In the northeast and northwest TBEV-endemic areas, small rodents, such as Dryomys nitedula; medium-sized mammals, such as Marmota baibacina; and larger mammals, such as Capreolus capreolus, Vulpes vulpes, and Sus scrofa, have been found to have anti-TBEV antibodies. 5, 24 In Yunnan Province (southwest China), apart from small rodents, anti-TBEV antibodies have also been found in Macaca mulatta and Rousettus leschenaultia. 26, 55 Furthermore, in the Xizang (Tibet) Autonomous Region, serology studies have indicated TBEV infections in the Linzhi and Milin areas, 20, 27 although TBEV has not yet been isolated.
Disease presentation of TBE in China
In China, TBE is diagnosed based on the criteria published by the Ministry of Health, 56 including (1) a history of being in forest areas in spring and summer with a history of tick bite(s), (2) sudden fever, (3) symptoms indicating acute central nervous system impairment, (4) positive results on TBEV-specific serological tests (IgM positivity or a fourfold rise in IgG in the convalescent period compared with that in the acute period), (5) epidemiological evidence indicating endemic TBE in the areas where the patient worked or visited and (6) the exclusion of other causes such as JEV, poliomyelitis or other viral encephalitis.
TBE patients in China generally had a sudden high fever (39-49°C) that lasted for 5-7 days (or up to 12-14 days),~1 week (incubation period 4-28 days with 8 days as the average) after having tick bites. Patients usually had nausea, vomiting, severe headache and neck stiffness, while some had paralysis. 27 An analysis that included 380 TBE patients found that two-thirds (257/380) were severe cases with the presence of muscle paralysis, disturbance of consciousness and difficulties in swallowing and verbal communication. 57 In addition, impairment of the eye muscles, 58 myocardial damage 59 and liver function impairment 60 were present in TBE patients. However, for patients with the mild form of TBE, no signs of nervous system damage were observed. Moreover, no indication of a biphasic disease course was observed in TBE patients in China. 27, 57 During the first large-scale TBE outbreak in China in 1952, the death rate and the proportion of patients with sequelae were both high (each was nearly one-third). 6 Later, the case fatality rate of TBE dropped considerably (for example, 1.9% [23/1217] between 1995 and 2002 in Inner Mongolia). 27 Timely diagnosis due to increased awareness of the disease and widely available laboratory tests and examinations, prompt patient transfer services as a result of improvements in the economy and means of transportation, and better treatment provided by supportive care following advances in medical sciences have contributed to the decrease in case fatality rate. 6 However, sequelae of TBE are still common. Long-term disabilities were observed in nearly 20% (90/542) of TBE patients, with over onethird (32 cases) unable to work. 61 No specific treatment for TBE exists, and management mainly involves symptom treatment and supportive care. Mongolian medicine treatment of TBE is also reported in the Inner Mongolia Region; however, these methods also involve supportive care as an adjuvant treatment. 27 
Vaccines for TBE in China
The 1952 TBE outbreak in northeast China had a serious effect on the health of forest workers. As soon as TBE virus was isolated and characterized, vaccines against TBE were developed and manufactured. The first TBE vaccine became available in China in May 1953 to forest workers at high risk of TBE. This vaccine was a formalin-inactivated, whole-cell vaccine made of TBEV-infected mouse brain or chicken embryos. 6, 62 Later, in 1960, a TBE vaccine derived from chicken embryo cell culture became widely available in China. In 1967, the first-generation TBE vaccine produced from primary hamster kidney (PHK) cell culture was manufactured and widely used. In 2004, a second-generation PHK vaccine (SenTaiBao, Changchun Institute of Biological Products Co., Ltd., Jilin, China) was approved in China for the prevention of TBE. 62 TBEV strain Sen-Zhang (Far-Eastern subtype) is used in this second-generation purified PHK-inactivated vaccine. This vaccine is recommended for residents of TBEV-endemic areas and for people who enter endemic areas. The safety and immunogenicity of the vaccine have been established. 63, 64 One study recruited healthy people aged 6-80 years who received 2 primary doses of the vaccine 14 days apart. The safety profile was acceptable after each dose. Anti-TBEV IgG antibody was detected by ELISA. At 4 weeks, 96% (486/506) had detectable antibodies with a geometric mean concentration (GMC) of 753 Vienna units per mL (VIEU/mL, range: 37-3190 VIEU/mL). At 6 months, 86% (434/502) remained IgG-positive with a GMC of 332 VIEU/mL (range: 42-3061 VIEU/mL), and at 1 year after the vaccination, 77% (386/502) were IgG-positive with a GMC of 225 VIEU/mL (range: 8-2225 VIEU/mL). 63 In a second study, the immune response and the safety profile were investigated after a booster dose of the vaccine 18 months after the primary doses. The safety profile was acceptable. Among the 400 healthy participants (aged ≥ 8 years), GMC was 47 VIEU/mL (range: 0-124 VIEU/mL) before the booster dose. At 4 weeks after the booster dose, 96% (325/339) showed an immune response with a GMC of 3391 VIEU/ mL. No difference in the percentage of subjects with an immune response was found among different age groups (that is, 8-16 years, TBE in Japan, ROK and China K Yoshii et al 17-59 years, and ≥ 60 years), but GMC in the 8-16-year-old group was significantly higher (Po0.01). In addition,women were more likely to generate an immune response than men, and their GMC was significantly higher than that in men (Po0.05, respectively). 64 Nevertheless, direct efficacy data for this second-generation, PHKinactivated vaccine are lacking. Although it has been noted that among railway workers in Hailar, where TBE cases have been documented, no TBE cases have been reported in 2 consecutive years since the use of this second-generation PHK vaccine. 27 
DISCUSSION
Located at the eastern end of the Eurasian continent, China, Japan and ROK all have reported prevalence of TBEV. All TBEV strains isolated from ROK are of the Western subtype, while those from China and Japan all belong to the Far-Eastern subtype, except for one TBEV strain obtained from the Altai Mountains in northwest China that has been most recently identified as the Siberian subtype. The main vectors of TBEV are I. persulcatus and I. ovatus in Japan; H. longicornis, H. flava and I. nipponensis in ROK; and I. persulcatus, H. concinna, H. japonica, D. silvarum and I. ovatus in China. In contrast to the common occurrence of TBEV in these three countries, the incidence of TBE cases varied greatly. In China, the first recorded TBE outbreak was in 1952, and TBE patients have since been diagnosed in the northeast, northwest, and southwest provinces and autonomous regions. TBE has been considered an occupational disease in China, and a national diagnosis standard has been issued by the Ministry of Health. To combat TBE, vaccines against TBEV have been manufactured and become available in China since 1953, and different vaccine types have been used during different periods over the past 60 years. Whereas in Japan, only four confirmed TBE patients have been recorded, and no TBE patient has yet been confirmed in ROK.
Various factors may have contributed to the differences observed in the prevalence of TBE in Japan, ROK and China. For instance, one study showed that the development of clinical TBE is the consequence of bites by ticks highly infected with TBEV. 65 Although TBEV-infected ticks have been found in different regions of Japan and ROK, further investigation is needed to understand whether TBEV-infected ticks carry high numbers of viral RNA that are sufficient to cause TBE disease and what the density of such ticks is within a natural focus area. Because the dominant tick species are different in the TBEVendemic areas in China, Japan and ROK, whether differences in hostseeking and feeding behavior among the ticks might play a role in the observed differences in TBE prevalence is worth analyzing. Furthermore, differences in the virulence of TBEV isolates may also be the cause of the differences in the prevalence of TBE observed in Japan, ROK and China. Most recently, a TBEV strain (MucAr HB171/11) was isolated from I. ricinus in southeastern Germany, where only several human cases with mild gastrointestinal and constitutional symptoms, but no neurological symptoms, have been reported. 66 Although further analysis is required to confirm the pathogenicity of this TBEV strain, the findings suggest that some TBE patients may only have constitutional symptoms. People infected with such low-virulence TBEV strains are not likely to show symptoms of encephalitis. These cases may be self-resolving (without seeking medical treatment) and therefore may fail to be recorded in TBE surveillance programs, which could result in a false low prevalence of TBEV infection. Animal experiments have already confirmed that the Japanese TBEV strain isolated from Hokkaido is less virulent in mice than other Far-Eastern subtype TBEV strains. 35 One might also speculate that virulence is influenced by ticks transmitting the virus to humans. Further pathogenicity studies on the TBEV strains isolated from ROK, coupled with population-wide serological surveys to detect anti-TBEV antibodies for the confirmation of asymptomatic infections, may help us to understand the differences in TBE prevalence among these three East Asian countries.
Data from Russian and Lithuanian populations have demonstrated an association between human host genetics and the risk of TBE. Among Russian TBE patients, polymorphisms in various genes, including the OAS gene cluster (OAS1, OAS2 and OAS3), are associated with a predisposition to the severe forms of TBE. 67 In Lithuanian TBE patients, a 32-bp deletion in the chemokine receptor 5 (CCR5) gene was found to be a significant risk factor for clinical TBE regardless of age, while a polymorphism in the TLR3 gene was associated with a predisposition to clinical TBE in adults but not in children (o18 years) and may also be associated with disease severity. 68, 69 Furthermore, in different populations from North Eurasia, single nucleotide polymorphisms (SNPs) of the OAS2 and OAS3 genes have been found to be associated with predisposition to severe forms of TBE. 70 Considering that disease susceptibility (for example, venous thromboembolism) has been known to vary between populations with different genetic backgrounds, such as those of Caucasian or East Asian descent, or even within East Asian populations (that is, the Chinese, the Japanese and the Koreans), 71 insight into the differences in predisposition to TBEV and TBE prevalence in these East Asian countries may be provided if further studies are conducted to investigate the relationship between various genetic differences found among these populations.
JEV is also endemic to Japan, ROK and China. Effective vaccines against JEV became available in the 1950s. In Japan, a nationwide vaccination program against JEV started in 1954, which successfully provided protection to the public and significantly reduced the incidence of JEV infections. 72 In ROK, an inactive vaccine derived from the mouse brain was first used between the late 1960s and the early 1970s, in 1985 the nationwide vaccination coverage for JEV reached~90%, and the estimated rate of immunization was~80% in 2008. 73 Considering the presence of Flavivirus-induced antibody cross-reactivity, 74 particularly that cross protection of JEV vaccines against other mosquito-borne flaviviruses, such as the West Nile virus, 75 has been established and that people with pre-existing anti-JEV antibodies have shown low immune responses against TBEV, 42 the populations in Japan and ROK (with their high vaccination rates for JEV) might have also been protected against TBEV because of an undiscovered cross-protection effect. Nevertheless, in 2013 among Japanese subjects aged 40-60 years, only o20% were reported to have anti-JEV antibodies, 72 indicating a lack of potential cross protection of JEV vaccination against TBEV for the majority of this age group. In China, anti-JEV antibodies have been detected in the healthy population in Heilongjiang Province, where TBE is a notifiable disease, 76 but whether anti-JEV antibody is prevalent in TBEV endemic regions is unclear. Vaccination against JEV started in China in 1968. In 1992, it was included in the Expanded Program on Immunization (EPI) in certain provinces and autonomous regions. In 2007, the JEV vaccination became one of the vaccines of the national EPI. 77 Following nationwide vaccination against JEV in China, answering the question of whether a concomitant decrease in the incidence of TBE would occur requires long-term surveillance.
In addition, because the risk for TBEV infection in humans is relative to landscape, climate and host-species dynamics, 78 differences in these variables among China, Japan and ROK may have contributed to the differences in TBE prevalence. Due to cultural, socioecological and educational differences in these countries, people's behavior in preventing exposure to tick bites, such as avoiding entering tick habitats, using insect repellents that have confirmed efficacy against ticks and carrying out frequent checks for ticks and tick bites, can be expected to be different. For instance, as recently as 2013, there were few products available in Japan for repelling mites through skin application or clothing treatment; later that year, user instructions for repelling ticks were first added to some repellents, including those containing N,N-diethyl-m-toluamide (DEET). 79 However, the extent to which the differences in preventive behavior have contributed to the differences in TBE prevalence in these three East Asian countries requires further investigation.
Nevertheless, in Japan and ROK, awareness of TBE is low, and not all clinicians are familiar with the symptoms of TBE and the relevant laboratory tests or examinations. Consequently, TBE patients might not be recognized and diagnosed correctly. By contrast, in China, the public and medical professionals in TBE-endemic areas have become aware of the disease since the early 1950s, and serological tests to assist the diagnosis of TBE have also been widely available. Patients with TBE are therefore more likely to be diagnosed correctly. To promote the awareness of TBE, ROK initiated a nationwide surveillance program in 2006 requesting all hospitals to submit samples from patients who had encephalitis with unknown causes to a central laboratory for TBEV-related tests. The program is ongoing, but as of 2016, no cases of TBE had been identified.
In the future, to obtain a comprehensive picture of TBE and the TBEV that is endemic to China, Japan and ROK, further investigations are required. Biological characteristics (such as feeding habits) of various dominant tick species in each TBEV-endemic area within different countries may need to be compared in order to identify the risk level of acquiring TBE in these areas. The virulence and pathogenesis of the TBEV strains obtained from different countries, as well as population genetics for disease susceptibility, should be compared in order to answer key questions, such as whether patients infected with TBEV in Japan and ROK are mostly asymptomatic and rarely show any encephalitis symptoms. Moreover, public health education programs may need to be developed to increase awareness of tick-borne diseases, particularly TBE (including knowledge of disease transmission risk from tick bites, protection measures and symptom recognition). For medical professionals, exposure to TBErelevant information may need to be increased systematically.
Large-scale serological surveillance to identify anti-TBEV antibodies in areas where TBEV has been isolated should be carried out both in humans and in domestic and wild animal hosts to aid the understanding of disease prevalence. To this end, detection methods with high sensitivity and high specificity for TBEV that can be performed in more laboratories, such as diagnostic ELISA using subviral particles, 40, 41 are available. In TBEV-endemic areas, vigilant monitoring of climate and landscape changes and the dynamics of vector species, as well as the wild and domestic animal hosts involved in the TBEV lifecycle, should be established to provide information for forecasting TBE risk for humans. As demonstrated by the European experience, vaccinations against TBEV infection can significantly decrease the incidence of TBE. 1, 2 Considering that vaccines against TBE have been used in China for over 60 years and have shown satisfactory immunogenicity, 27 and that vaccines developed in Japan have also shown protective effects in mice, 80 it is feasible to design an effective vaccination plan for specified TBEV-endemic areas where the risk of TBE has been identified, providing it is supported by costeffectiveness analysis.
In conclusion, a potential medical burden caused by TBEV exists in Japan and ROK, while in China, the challenge is to control endemic TBEV as effectively as possible via public health educational programs and population-wide vaccination. Therefore, establishing a surveillance system targeting TBEV and TBE disease, perhaps through the collaboration of these countries, may be of great benefit to public health, as well as to the health of domestic animals and wildlife.
